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NANOCATALYSTS

Platinum-based nanocages with
subnanometer-thick walls and
well-defined, controllable facets

Lei Zhang,"” Luke T. Roling,”> Xue Wang,> Madeline Vara,* Miaofang Chi,”
Jingyue Liu,® Sang-11 Choi,! Jinho Park,* Jeffrey A. Herron,> Zhaoxiong Xie,?
Manos Mavrikakis,? Younan Xia"*7*

A cost-effective catalyst should have a high dispersion of the active atoms, together with
a controllable surface structure for the optimization of activity, selectivity, or both. We
fabricated nanocages by depositing a few atomic layers of platinum (Pt) as conformal
shells on palladium (Pd) nanocrystals with well-defined facets and then etching away the
Pd templates. Density functional theory calculations suggest that the etching is initiated
via a mechanism that involves the formation of vacancies through the removal of Pd atoms

incorporated into the outermost layer during the deposition of Pt. With the use of Pd
nanoscale cubes and octahedra as templates, we obtained Pt cubic and octahedral
nanocages enclosed by {100} and {111} facets, respectively, which exhibited distinctive

catalytic activities toward oxygen reduction.

ne strategy to increase the utilization ef-

ficiency (UE) of platinum group metals

(PGMs) is to increase the proportion of

atoms exposed on the surface (the dis-

persion) by reducing particle size. For
example, the UE of platinum (Pt) atoms can be
increased from 9.5 to 26% by reducing the edge
length of a Pt cube from 11.7 to 3.9 nm. Despite
the extensive use of this strategy, it has been
difficult to optimize the specific activity of such
small nanocrystals (NCs) by engineering their
surface structure through facet-controlled syn-
thesis (7). Such NCs also tend to sinter (form
larger particles), detach from the support, or both
during operation (2). An alternative strategy is to
use nanoframes—open nanostructures compris-
ing multiple ridges as thin as a few nanometers
(8-5). Each ridge of a nanoframe can be consid-
ered as a linear aggregate of NCs. Essentially, all
the PGMs can be prepared as nanoframes by
using methods that involve the selective removal
of a sacrificial component: for example, the more
reactive metal in alloyed NCs or the NC serving
as a template for the site-selected deposition of
the PGM. In a notable example, Pt;Ni nanoframes
with extraordinary mass activity of 5.7 amperes
per milligram of Pt (A mg'p,) toward the oxygen
reduction reaction (ORR) have been developed
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(5), but this method still faces challenges in
selecting the exposed crystal facet with which
to control their catalytic activity and selectivity.
A different strategy for increasing the UE of a
PGM is to assemble the metal atoms into nano-
sheets (6-8). For such a system consisting of four
atomic layers, the UE could in principle reach

50%, but the use of PGM nanosheets as catalysts
encounters several drawbacks: (i) the top and
bottom surfaces of a sheet must be capped by
ligands; (ii) the metal atoms can only assume a
hexagonal lattice, corresponding to one type of
facet only; and (iii) it is challenging to deposit
and expose individual nanosheets on a catalytic
support. An alternative to this strategy is to de-
posit the PGM conformally as subnanometer-thick
shells of only a few atomic layers on the surfaces
of NC templates made of another metal. In ad-
dition to the electrochemical approach explored
by a number of groups (9-11), we recently de-
veloped a solution-phase method for the deposi-
tion of Pt on facet-controlled palladium (Pd) NCs
to generate PA@Pt,;, core-shell structures (where
n is the number of Pt atomic layers), in which the
Pt shells could be controlled at 1 to 6 atomic layers
in thickness (12-14). The Pd@Pt,;, NCs showed
great improvement in terms of both mass activity
and durability toward ORR relative to a commer-
cial Pt/carbon (C) catalyst.

The interiors of these core-shell structures,
however, are still occupied by another PGM (Pd,
in this case), which will contribute to a large
portion of the materials cost associated with such
a catalyst. A logical solution is to selectively
remove the Pd template after Pt deposition, gen-
erating a nanocage made of Pt only. When con-
ducted appropriately, the facets present on the
surface of a template can be well preserved
during the Pt coating and Pd etching processes

Fig. 1. Structural and compositional analyses of Pt cubic nanocages. (A) TEM image of a typical
sample. (B) HAADF-STEM image of an individual nanocage. (C) High-resolution HAADF-STEM image taken
from the region boxed in (B), showing a wall thickness of six atomic layers. (D) EDS elemental mapping of Pt
and Pd for two nanocages. Scale bar, 10 nm.
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so as to engineer the activity and/or selectivity
of the catalyst. We demonstrate this concept by
coating the surfaces of Pd nanoscale cubes and
octahedra with four atomic layers of Pt, followed
by selective removal of the Pd templates. Density
functional theory (DFT) calculations suggest that
the etching is initiated via a mechanism that
involves the formation of surface vacancies by
etching away Pd atoms incorporated into the
Pt shells from intermixing and/or co-reduction
(15). We could obtain Pt nanocages with walls
as thin as three atomic layers (0.7 nm thick),
with their surfaces terminated in {100} or {111}
facets. The nanocages show distinctive spe-
cific activities toward ORR depending on the
exposed facet, whereas the activity and durability
are both enhanced relative to a commercial Pt/C
catalyst.

o Pt adatoms

Unplugging
e

Pd Channels

We first synthesized Pd cubes with an average
edge length of 18.2 nm (fig. S1, A and B) (16, 17).
Four atomic layers of Pt were then deposited on
the surface of each Pd cube as a conformal shell
(fig. S1C) by introducing a Pt(IV) precursor at
200°C (12). The use of a slow injection rate and a
relatively high temperature resulted in the for-
mation of core-shell cubes with atomically flat
surfaces (I8). When subjected to etching, the
Pd templates could be selectively removed to
leave behind Pt cubic nanocages with ultrathin
walls covered by {100} facets.

A transmission electron microscopy (TEM)
image of Pt cubic nanocages derived from Pd@
Pty cubes by using a standard procedure is shown
in Fig. 1A (17). The nanocages had an average
edge length of 20.2 nm (fig. S1D), together with
small holes on the surfaces. The high-angle an-

Dissolution

of Pd

nular dark-field scanning TEM (HAADF-STEM)
image (Fig. 1B) taken from one of the nanocages
revealed a periodic lattice extending across the
entire surface, suggesting that the single-crystal
structure of the Pd template was transferred to
the Pt shell. The uniform contrast across the side
face indicates that essentially all the Pd atoms in
the core had been removed, except for those
alloyed with Pt atoms in the walls. The atomic-
resolution HAADF-STEM image (Fig. 1C) recorded
from the region boxed in Fig. 1B indicates a wall
thickness of ~1 nm, corresponding to six atomic
layers along the [100] direction. The lattice
spacing of 0.19 nm can be assigned to the (200)
planes of face-centered cubic (fcc) Pt.
Although only four atomic layers of Pt were
initially deposited on the surface of each Pd tem-
plate, the wall thickness increased to six atomic
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Fig. 2. Mechanistic details involved in the deposition and etching processes, and TEM images of the products obtained after etching for differ-
ent periods of time. (A) Pt atoms deposited on the Pd surface may diffuse (“hop™) across the surface or substitute into the surface (DFT-calculated
activation barriers are shown), leading to a mixed outer-layer composition. (B) Schematic of the major steps involved in the continuous dissolution of Pd
atoms from a Pd@Pt,_ cube to generate a Pt cubic nanocage. (C to F) TEM images of Pd@Pt, cubes after Pd etching for (C) O, (D) 10, (E) 30, and (F)

180 min. Scale bar, 10 nm, applies to (C) to (F).
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layers because of the following factors: the inter-
diffusion and alloying between Pt and Pd, and
thus a small amount of Pd remains in the walls;
the inclusion of small holes in the side faces; and
the migration of atoms from side faces to ridges,
making the walls appear thicker under TEM.
Elemental mapping based on energy-dispersive
x-ray spectroscopy (EDS) confirmed that the nano-
cages were composed of a Pt-Pd alloy (Fig. 1D).
Inductively coupled plasma mass spectrometry
(ICP-MS) analysis gave Pt mass percentages of
93.6 and 33.9% for the nanocages and core-
shell cubes, respectively.

We hypothesize that the etching is initiated
by oxidizing the Pd atoms in the outmost layer of
the Pt shell to generate vacancies, followed by
diffusion of Pd atoms from underlying layers to
generate more vacancies (75). This process is sim-
ilar to the mechanism proposed by Heggen et al.
for the electrochemical dealloying of Co-Pt core-
shell nanoparticles (19), but in our case, we were
able to completely remove the Pd cores because
of the involvement of ultrathin Pt shells and the
persistence of pores in the shells. Previous work
by Erlebacher et al. emphasized the role of mo-
bile, low-coordinated metal atoms in a dealloy-
ing process because movement and clustering of
these species continually exposed less noble atoms
for dissolution (20). These observations may ex-
plain the restructuring of our atomic-width va-
cancies to larger pores, allowing more bulk-like
dissolution of Pd from the core. In contrast, our
system consists of ultrathin, smooth Pt surfaces
with a relatively low Pd concentration. The amount
of low-coordinated Pt should therefore be low, and
surface restructuring is limited to areas near the
atom-wide channels formed in the initial stage. We
performed DFT calculations to evaluate the diffu-
sion barrier of a Pd atom though the Pt shell using
a fully relaxed Pt(100) membrane of four atomic
layers as a model system (17). We examined a
number of processes (such as one-to-one atom
exchange, as well as three-body and four-body
rotations), and concluded that (i) diffusion of Pd
and Pt atoms through Pt, at 100°C, must be vacancy-
mediated, and (ii) the lowest diffusion barrier is
for Pd through Pt (0.88 €V). Previous experimental
studies of Pd-Pt interdiffusion also found that Pd
had a higher diffusion rate in Pt than in Pd (21).

Because diffusion must occur at vacancies in
our model, we also considered the mechanism by
which the vacancies arise. We believe that Pt-Pd
intermixing occurs during the deposition of Pt
(Fig. 2A), rather than after the formation of per-
fect Pt overlayers. The deposition was conducted
at a relatively high temperature so as to give Pt
atoms an opportunity to spread across the Pd sur-
face and thus grow in a layer-by-layer fashion (78).
Using DFT, we obtained an energy barrier of
0.99 eV for the diffusion of Pt adatoms across a
Pd(100) surface (a “hopping” mechanism). How-
ever, a Pt adatom can instead substitute into the
Pd surface, pushing the Pd atom to a nearby hol-
low surface site with a barrier of just 0.74 eV (a
“substitution” mechanism); this process is exo-
thermic by 0.38 eV. As a consequence of these
two mechanisms, some Pd atoms will be incorpo-
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rated into the Pt shell as each Pt overlayer is
formed. The activation energy barrier for Pt sub-
stitution increases as the Pt coverage increases,
so not all of the Pd atoms will be substituted by
Pt atoms when each additional layer of Pt is de-
posited. Alternatively, Pd atoms can be incor-
porated into the Pt shell through a co-reduction
mechanism. Because the synthesis was con-
ducted in air at 200°C, a trace amount of Pd
atoms on the templates could be oxidized and
released into the reaction solution as Pd(II) ions
before the introduction of Pt(IV) precursor.
Subsequently, the PA(IT) and Pt(IV) ions would
be co-reduced and deposited onto the tem-
plates to generate Pt shells doped with Pd atoms.
Before the introduction of Pt(IV) precursor, how-
ever, the concentration of Pd(II) ions in the re-
action solution was too low to be detected with
ICP-MS.

A plausible mechanism involved in the forma-
tion of a Pt cubic nanocage from a Pd@Pt,,;, cube
is illustrated in Fig. 2B. During Pt deposition,
some Pd atoms are incorporated into the Pt over-
layers through intermixing and/or co-reduction.
Upon contact with the etchant, the Pd atoms in
the outermost layer are oxidized so as to generate
surface vacancies. The underlying Pd atoms then
diffuse to these vacancies and are continuously
etched away, leaving behind atom-wide channels.
In the early stage of etching, the diffusion of Pd

through these channels leads to a Kirkendall ef-
fect because Pd diffuses outward faster than Pt
diffuses inward, creating a void in the Pd tem-
plate. Over time, the channels will grow in size
(and also reconstruct) to allow direct corrosion of
Pd from the core. TEM images of the initial Pd@
Pty cubes and the same batch of sample after
etching with a standard procedure for 10 min are
shown in Fig. 2, C and D, respectively. There
were essentially no changes to the shape, mor-
phology, or structure of the core-shell cubes.
According to ICP-MS analysis, the Pd mass per-
centage of this sample was 63.5%, which only
dropped slightly from the initial value of 66.1%.
The data suggest that the initial etching only
involved “unplugging” of the existing Pd atoms
on the outermost layer of the Pt shell. In a con-
trol experiment, we noticed that the Pd etching
could be initiated at a much faster rate and at a
lower temperature by cotitrating PA(II) and Pt(IV)
precursors at a molar ratio of 1:99 during the
deposition of Pt (fig. S2). Our results also in-
dicate that the etching rate could be manipu-
lated by varying the molar ratio of PA(II) to Pt(IV)
precursors.

Once initiated, the surface layers begin to
undergo reconstruction facilitated by the high
etching temperature, enlarging the channels to
1 to 3 nm wide for direct corrosion of Pd. As
shown in Fig. 2E, most of the Pd@Pt,;, cubes had

Pt
=)

Fig. 3. Structural and compositional analyses of Pt octahedral nanocages. (A) TEM image of a
typical sample. (B) HAADF-STEM image of an individual nanocage. The red circle marks a hole
responsible for the dissolution of Pd from the core. (C) High-resolution HAADF-STEM image taken
from the region boxed in (B), showing a wall thickness of seven atomic layers. (D) EDS mapping of Pt

and Pd. Scale bar, 10 nm.
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evolved into hollow structures after etching for
30 min. At the same time, the Pd mass per-
centage quickly dropped to 21.9%. Further etch-
ing led to Pt cubic nanocages characterized by a
completely hollow interior and porous walls.
Shown in Fig. 2F is a TEM image of the product
obtained after etching for 3 hours and the Pd
mass percentage had dropped to 6.4%. At this
point, the removal of Pd was essentially com-
pleted because the Pd mass percentage did not
show any change when the etching time was
prolonged to 4 hours. We noted that Pt nano-
cages derived from Pd@Pt, 31, cubes (fig. S3A)
tended to collapse when the standard proce-
dure was used for etching but could be largely
preserved under milder etching conditions (fig.
S3, B to D).

The arrangement of atoms on the surface can
affect both catalytic activity and selectivity; for
example, Pt(111) is more active toward ORR than
is Pt(100) (22). Thus, we extended Pt deposition
and Pd etching procedures to the preparation of
Pt octahedral nanocages enclosed by {111} facets
(Fig. 3A). We prepared Pd@Pt,5;. octahedra
from Pd octahedra of 19.4 nm in edge length
(fig. S4) (16, 20) and then etched away the Pd
templates using more etchant relative to the
standard procedure. The HAADF-STEM image
in Fig. 3B shows a lattice spacing of 0.23 nm
that can be assigned to the {111} planes of fcc Pt.

The atomic-resolution HAADF-STEM image in
Fig. 3C indicates the presence of seven atomic
layers of Pt in the shell. The inclusion of Pd in the
walls was confirmed with EDS (Fig. 3D). Accord-
ing to our ICP-MS analysis, the Pd mass percentage
of the octahedral nanocages was only 9.1%, in-
dicating the completion of template removal. By
switching to PA@Pt,_s;, octahedra, we were able
to obtain Pt octahedral nanocages with a wall
thickness of only three atomic layers [or 0.7 nm
along the [111] direction (fig. S5)] using a stan-
dard procedure.

We used ORR as a model reaction to demon-
strate the ability to engineer the catalytic activity
of such Pt nanocages by manipulating the type of
facet exposed on the surface. We benchmarked
their catalytic performance against a commercial
Pt/C catalyst (table S1 and fig. S6). We used cyclic
voltammetry (CV) to measure the electrochem-
ically active surface area (ECSA) of each catalyst.
The specific ECSAs of cubic and octahedral
nanocages were measured as 46.8 and 38.2 square
meters per gram of Pt (m> g~'py), respectively, which
are comparable with the value of 44.2 m? g™,
reported for Pt;Ni nanoframes (5). Although the
surfaces of the nanocages are covered by small
holes (~20% of the total surface area), their
ECSAs were still similar to those of the correspond-
ing PA@Pt,;, NCs—39.7 and 38.0 m> g 'y, respec-
tively—for the cubic and octahedral systems (12, 13)

because of the contribution from the inner sur-
face. The specific ECSAs of the nanocages were
also on par with that of the Pt/C catalyst (56.8 m>
¢ 15, even though their sizes differ more than
sevenfold (20 versus 2.8 nm).

We then evaluated the electrocatalytic per-
formance of the different catalysts toward ORR
(fig. S6, B to D). As displayed in Fig. 4A, the
octahedral nanocages had mass activity of
0.75 A mg™'p; at 0.9 volts versus reversible hy-
drogen electrode (Vgyg), which was five times
greater than the Pt/C reference (0.14 A mg 'py).
The results demonstrate that the transforma-
tion from Pd @Pt,,;, NCs into Pt nanocages could
greatly improve the catalytic performance toward
ORR in terms of Pt mass and materials cost. This
catalytic system, however, needs to be optimized
before it can compete with the more active (but
more complex) system based on Pt-Ni alloys
(5, 23-28). As shown in Fig. 4B, the octahedral
nanocages exhibited the highest specific activ-
ity, with a value of 1.98 mA cm 2 at 0.9 Vygg, which
was almost eight times greater than that of the
Pt/C (0.25 mA cm2). The almost twofold differ-
ence in specific activity between the octahedral
and cubic nanocages clearly demonstrates the
feasibility to control the catalytic activity of such
nanocages through facet engineering. We used
DFT to analyze the ORR-specific activities of the
nanocages by calculating the energetics of OH
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Fig. 4. Electrocatalytic properties of Pt nanocages relative to a commercial Pt/C catalyst. (A) Mass and (B) specific activities of the catalysts at
0.9 Vgue. (C) Mass activities (at 0.9 Vrue) and (D) specific ECSAs of the catalysts before and after accelerated durability test. The color scheme applies

to all panels.
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removal, which has been shown to be the rate-
determining step on similar surfaces (12-14, 17).
Relative to their core-shell precursors, the nano-
cage models showed substantially enhanced ac-
tivity, which is attributed to the shortening of Pt-Pt
interatomic distances (table S2).

We evaluated the long-term stability of the
catalysts through an accelerated durability test
(Fig. 4, C and D). The Pt octahedral nanocages
showed the best performance, with the ORR mass
activity only reduced by 36% after 10,000 cycles,
still showing 3.4-fold enhancement relative to the
pristine Pt/C. The ECSAs of the cubic and octa-
hedral nanocages only dropped by 13 and 6% after
5000 cycles and by 32 and 23% after 10,000 cycles,
respectively. During the durability test, the holes
in the walls of the nanocages were slightly en-
larged (fig. S7). These results demonstrate that the
excellent durability associated with the core-shell
catalysts was not affected by the selective removal
of Pd cores.
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EVOLUTION

A four-legged snake from the Early
Cretaceous of Gondwana

David M. Martill," Helmut Tischlinger,> Nicholas R. Longrich®

Snakes are a remarkably diverse and successful group today, but their evolutionary origins are
obscure. The discovery of snakes with two legs has shed light on the transition from lizards to
snakes, but no snake has been described with four limbs, and the ecology of early snakes is
poorly known. We describe a four-limbed snake from the Early Cretaceous (Aptian) Crato
Formation of Brazil. The snake has a serpentiform body plan with an elongate trunk, short tail,
and large ventral scales suggesting characteristic serpentine locomotion, yet retains small
prehensile limbs. Skull and body proportions as well as reduced neural spines indicate fossorial
adaptation, suggesting that snakes evolved from burrowing rather than marine ancestors.
Hooked teeth, an intramandibular joint, a flexible spine capable of constricting prey, and the
presence of vertebrate remains in the guts indicate that this species preyed on vertebrates and
that snakes made the transition to carnivory early in their history. The structure of the limbs
suggests that they were adapted for grasping, either to seize prey or as claspers during mating.
Together with a diverse fauna of basal snakes from the Cretaceous of South America, Africa, and
India, this snake suggests that crown Serpentes originated in Gondwana.

nakes are among the most diverse groups

of tetrapods, with >3000 extant species ex-

ploiting a remarkable range of niches (7).

Snakes inhabit deserts and rainforests, moun-

tains and oceans; and despite lacking limbs,
employ an extraordinary range of locomotor
styles, including crawling, burrowing, climbing,
swimming, and even gliding (7). All snakes are
predators, but they consume a wide range of prey,
from insects to large mammals (7). This diversity
is made possible by a specialized body plan, in-
cluding an elongate body with reduced limbs, a
flexible skull and ribs to swallow large prey (2),
and a specialized forked tongue and vomero-
nasal organ to detect chemical gradients (7). The
origins of this body plan remain unclear, how-
ever (I). One scenario holds that it originated in
a marine environment, whereas others argue that
it results from adaptation for a fossorial lifestyle.
New fossils (2-4), including snakes with hindlimbs
(5, 6), have shed light on the lizard-to-snake
transition, but no snake has been reported with
four limbs. The ecology of early snakes is also un-
certain. Although alethinophidians are primarily

1School of Earth and Environmental Sciences, University of
Portsmouth, Portsmouth PO1 3QL, UK. Tannenweg 16,
85134 Stammham, Germany. *Department of Biology and
Biochemistry and Milner Centre for Evolution, University of
Bath, Claverton Down, Bath BA2 7AY, UK.

carnivorous (7), Typhlopidae and Anomalepididae,
which are basal with respect to Alethinophidia
(7-9), are insectivorous (I). This suggests that
early snakes were insectivores, although adap-
tations for carnivory in stem snakes (2) suggest
that carnivory may be primitive (2, 5).

Here we report a fossil snake from the Early
Cretaceous of Gondwana, which sheds light on
these issues. Tetrapodophis amplectus gen. et sp.
nov. (holotype BMMS BK 2-2) is distinguished
from all other snakes by the following combina-
tion of characters: 160 precaudal and 112 caudal
vertebrae, short neural spines, four limbs, meta-
podials short, penultimate phalanges hyperelon-
gate and curved, phalangeal formula 2?-3-3-3-3?
(manus) 2-3-3-3-3 (pes).

The fossil (Fig. 1) comes from the Nova Olinda
Member of the Early Cretaceous (Aptian) Crato
Formation, Cear4, Brazil (0). The specimen is pre-
served on laminated limestone as part and coun-
terpart. The matrix is typical of the Nova Olinda
Member in being composed of fine-grained lam-
inated micrite with elongated pellets on the surface
of the slab representing coprolites of the fish Dastilbe.
As is typical of Crato vertebrates, the skeleton is
articulated and the bones are a translucent orange-
brown color; soft tissues are also preserved.

The snake affinities of Tetrapodophis are dem-
onstrated by derived features of the skull, axial
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